Hybrid capacitors should ideally exhibit high volumetric energy density, favorable lowtemperature performance and safe operation. Here we describe a negative electrode comprising an intercalated metal-organic framework, 4,4′-biphenyl dicarboxylate dilithium [4,4′-Bph(COOLi) 2 ], which forms a repeating organic-inorganic layered structure of π-stacked biphenyl and tetrahedral LiO 4 units. The electrode shows a stepwise two-electron transfer and has a capacity of 190 mAh g −1 at 0.7 V vs. Li/Li + , which can suppress the lithium metal deposition reaction occurring an internal short circuit. A hybrid capacitor containing 4,4′-Bph(COOLi) 2 negative and activated carbon positive electrodes possesses high volumetric energy density of approximately 60 Wh L −1 and good high-rate performance, particularly at the low temperature of 0°C, because of low charge-transfer resistance along with low activation energy. Hopping mobility calculations suggest the observed low resistance properties are the result of high electron mobility arising from two electron-hopping pathways between adjacent molecules in the π-stacked biphenyl packing layer by lithium intercalation.
E lectrochemical capacitors (i.e., supercapacitors) with highenergy densities have promising applications for load leveling in electric, hybrid, and fuel-cell vehicles 1 , solar and wind power generation systems 2 , and micro-scale applications such as wearable devices, radio-frequency identification tags, and on-chip energy devices 3 . Electric double-layer capacitors (EDLCs), which are principal electrochemical capacitors that use identical activated carbon (AC) electrodes with microporous and high specific surface areas, show fast charge-discharge characteristics, remarkable stability, long cycle life, and safety because they utilize non-faradaic electric double-layer formation as a charge-storage mechanism 4, 5 . However, EDLCs are only applied as limiting energy suppliers because of their moderate energy densities (~10 Wh L −1 ) resulting from the low capacitance and operating cell voltage (0-2.5 V) 5 . Hybrid capacitors comprised of non-faradaic capacitor-type and faradaic battery-type electrodes have emerged in recent years as high-energy electrochemical capacitors. Li-ion capacitors (LICs) with activated carbon as the positive electrode and Li-doped graphite carbon as the negative electrode have been reported 6, 7 . The energy densities of these LICs (~50 Wh L −1 ) are approximately five times larger than those of EDLCs because of their higher operating cell voltage (1.5-3.8 V) and large capacity utilization range, which can be attributed to the Li doping 4 .
For large-scale applications, it is necessary to develop electrochemical capacitors with high-energy density while maintaining the safety. However, in existing LICs that use graphite as the negative electrode operating at a potential of 0.05 V vs. Li/Li + , the deposition of metallic Li dendrites can cause internal short circuits between the positive and negative electrodes at high charging rates and/or low temperatures 8, 9 . To address this safety issue, we proposed to control the negative electrode potential using aromatic dicarboxylate Li salts, which operate at potentials ranging from 0.5 to 1.0 V 10, 11 . Because these carboxylate salts are abundant, low cost, and environmentally friendly, many groups have used them in the negative electrodes of lithium and sodium batteries [12] [13] [14] [15] [16] [17] [18] .
Our group first reported aromatic dicarboxylate lithium salts as electrode materials that operate at 0.8 V and investigated the change in crystalline structure during Li intercalation 10, 11 . 2,6-naphthalene dicarboxylate dilithium [2, 2 ], a representative crystalline aromatic dicarboxylate lithium salt, was found to form an organic-inorganic layered metal-organic framework (MOF). The 2,6-Naph(COOLi) 2 electrode exhibited reversible lithium intercalation with the transfer of two electrons and two Li + ions, corresponding to a reversible capacity of 221 mAh g −1 at a flat potential of 0.8 V vs. Li/Li +19-21 . The framework was maintained during lithium intercalation with a remarkably small change in volume (0.33%); therefore, we named the series of electrochemically active MOFs as "intercalated MOFs (iMOFs)". The redox reaction can be improved by controlling the crystal orientation by heat treatment 20 and controlling the crystal plane using synthetic solvents. 22 The hybrid capacitor with 2,6-Naph(COOLi) 2 and activated carbon as the negative and positive electrodes, respectively, exhibits a high-energy density of approximately 60 Wh L −1 , highpower density, and good cyclability 21 .
To obtain iMOF-based hybrid capacitors with high-power capability and low-temperature performance, the high-rate characteristics of iMOF electrode materials must be further improved. Although some reports have focused on the iMOF electrode with high-rate capability 18, 23 , the high-rate performance at temperatures lower than 0°C and its mechanism of the highrate performance remain to be elucidated. To design an iMOF electrode that provides low resistance and favorable lowtemperature characteristics, we selected a dicarboxylate lithium salt containing a biphenyl (Bph) framework 10, 11 based on the following characteristics: (i) stepwise formation of a stable complex with one and two lithium atoms per unit (Li − Bph − and Li 2− Bph 2− , respectively) 24 ; (ii) further stabilization of lithium through coordination with oxygen 24, 25 ; and (iii) expectation of a lower reduction potential of the biphenyl dicarboxylate lithium salt than that of the naphthalene because biphenyl exhibits a lower reduction potential than naphthalene (0.45 V vs. Li/Li + for biphenyl compared to 0.51 V vs. Li/Li + for naphthalene) 26 . The electrochemical behavior of this material has already been reported as a preliminary step 23 . The mechanism of electronic conduction, which greatly contributes to the low resistance of this material, was not detailed in the report.
In this paper, we focus on understanding the detailed electrochemical behavior of 4,4′-biphenyl dicarboxylate dilithium salt [4,4′-Bph(COOLi) 2 ] and demonstrate its potential as a lowresistance iMOF electrode material that can achieve high-rate (approximately 1 min discharge) and low-temperature performance (0°C) in hybrid capacitors. Electrochemical impedance spectroscopy and calculations of electro-hopping mobility reveal that the mechanism of electronic conduction enables low resistance along with favorable low-temperature performance.
Results
Characterization of 4,4′-Bph(COOLi) 2 crystals. The powder X-ray diffraction (XRD) pattern of 4,4′-Bph(COOLi) 2 and the corresponding Rietveld refinement (Fig. 1a) revealed a repeating organic-inorganic layered structure of organic π-stacked biphenyl units and inorganic tetrahedral LiO 4 units (Fig. 1a, inset) . A previous paper reported that this structure is almost insoluble in any of the common organic electrolyte 27 . The structure has the same space group as the previously reported 2,6-Naph (COOLi) 2 19 . We also obtained a reasonable Fourier map of the crystal structure (Fig. 1b) . Compared with 2,6-Naph(COOLi) 2 , 4,4′-Bph(COOLi) 2 was found to have a longer lattice parameter in the a-axis direction corresponding to the organic-inorganic stack direction because of the longer aromatic biphenyl unit of 4,4′-Bph(COOLi) 2 ; the same lattice parameters in the b-and c-axis directions (corresponding to the stack surface direction) (Supplementary Table 1) 28 . Scanning electron microscopy (SEM) images (Supplementary Figure 1) indicated that 4,4′-Bph (COOLi) 2 powder was obtained as an agglomerate with small particles. The primary particles (ca. 2-5 μm, Supplementary  Figure 1a , b) were smaller than the previously reported 2,6-Naph (COOLi) 2 particles (approximately >10 μm, Supplementary Figure 1c, d) 19 .
Electrochemical characterization. We characterized the electrochemical behavior of a 4,4′-Bph(COOLi) 2 electrode in a coin-type cell using Li metal as the counter electrode. We fabricated the 4,4′-Bph(COOLi) 2 electrode with amphiphilic polymer binders because we have successfully prepared a high-capacity electrode for aromatic dicarboxylate lithium salts using amphiphilic polymer binders (e.g., carboxymethylcellulose and polyacrylic acid); in the resulting self-assembled electrode, the active materials were uniformly covered with conducting carbon, leading to high electro-activity. First, cyclic voltammetry (CV) was performed to confirm the electrochemical behavior and reversibility of the proposed material. The CV responses, as shown in Supplementary Figure 2a , b, exhibited a reversible redox couple. The redox potential of the 4,4′-Bph(COOLi) 2 electrode was ca. 0.7 V vs. Li/Li + , which is ca. 0.1 V lower than that of the 2,6-Naph (COOLi) 2 electrode (ca. 0.8 V vs. Li/Li + ), as shown in Supplementary Figure 2c and agrees well with the prediction from the reduction potential of the aromatic unit shown in the above concept 26 . Next, the reversible specific capacity was determined from the galvanostatic charge-discharge measurement. As shown in Supplementary Figure 3 , the charge/discharge curve of a Li/ 4,4′-Bph(COOLi) 2 cell showed a reversible specific capacity of ca. 190 mAh g −1 , although there is an initial irreversible capacity related to decomposition of electrolyte 19 . As shown in Fig. 2a , the reversible capacity derives approximately 2Li + ion transfer per molecule corresponding to almost the same theoretical specific capacity (200 mAh g −1 ) as shown in the following redox reaction:
Moreover, the 4,4′-Bph(COOLi) 2 electrode exhibited a small polarization of ca. 40 mV at deep depth of discharge (DOD) of the electrode and a large polarization of ca. 260 mV at shallow DOD. As shown in Fig. 2b , differential capacity (dQ/dV) plots calculated from the charge/discharge curves of the same cells showed good agreement with the CV results and revealed a clear and further detailed potential changes. The dQ/dV plots indicate two redox couples at a potential of approximately 0.7 V and one broad peak at a potential of approximately 1 V during discharge in the 4,4′-Bph(COOLi) 2 electrode (Fig. 2b, inset) ; in contrast, only one redox couple is observed for the 2,6-Naph (COOLi) 2 electrode at 0.8 V. This suggests that a stepwise twoelectron transfer occurs in the 4,4′-Bph(COOLi) 2 electrode, whereas a concerted two-electron transfer occurs in the 2,6-Naph(COOLi) 2 electrode. Since the formation of one-electron reduced anion radical biphenyl (Bph •− ) 24, 25 and two-electron reduced dianion biphenyl (Bph 2− ) 29, 30 has been reported in the biphenyl framework, such stepwise behavior observed in the dQ/ dV plot of 4,4′-Bph(COOLi) 2 electrode is assumed to be a redox reaction via the anion radical biphenyl (Bph •− ) and dianion biphenyl (Bph 2− ).
Optical bandgaps. To understand the polarization behaviors of these electrodes, ultraviolet-visible (UV-vis) spectroscopy was used to determine direct and indirect bandgaps (E g ) of a series of aromatic carboxylate dilithium salts, 4,4′-Bph(COOLi) 2 , 2,6-Naph(COOLi) 2 , and 1,4-benzene carboxylate dilithium (1,4-Ph (COOLi) 2 ). As shown in Supplementary Figure 4 , only 4,4′-Bph (COOLi) 2 showed a broadened UV-vis spectrum in the high wavelength region among the three measured materials. Such broadened spectral behavior has been reported for aromatic compounds with rotatable C−C link 31 . Therefore, the observed broadened spectrum of the 4,4′-Bph(COOLi) 2 indicates the influence of the rotating structure of the biphenyl units inside the crystal.
Direct and indirect bandgaps were estimated from the results of the UV-vis spectra (see Methods). As shown in Fig. 3 , the direct bandgap of the 4,4′-Bph(COOLi) 2 (E g = 3.73 eV in Fig. 3a ) was distinctly different from the indirect bandgap (E g = 2.20 eV in Fig. 3b) ; in contrast, the direct bandgaps of the 2,6-Naph (COOLi) 2 (E g = 3.26 eV in Fig. 3c ) and 1,4-Ph(COOLi) 2 (E g = 3.93 eV in Fig. 3e ) were nearly the same as the indirect bandgaps of the 2,6-Naph(COOLi) 2 (E g = 3.17 eV in Fig. 3d ) and 1,4-Ph (COOLi) 2 (E g = 3.82 eV in Fig. 3f ). The validity of the direct and Figure 5) . In consideration of the previously obtained electronic band structure of the 2,6-Naph(COOLi) 2 32 , these results predict that the excited electrons from valence band maximum (VBM) to conduction-band minimum will be relaxed to VBM via indirect transition for the 4,4′-Bph(COOLi) 2 and direct transition for the 2,6-Naph(COOLi) 2 . Therefore, the electron transition in 4,4′-Bph(COOLi) 2 corresponds to the indirect bandgap of 2.20 eV as well as the direct bandgap of 3.73 eV, whereas the electron transition in 2,6-Naph(COOLi) 2 and 1,4-Ph(COOLi) 2 corresponds to the direct bandgap of 3.26 eV and 3.93 eV, respectively.
This trend in the optical bandgap values, the indirect bandgap of the 4,4′-Bph(COOLi) 2 < the direct bandgap of the 2,6-Naph (COOLi) 2 < the direct bandgap of the 1,4-Ph(COOLi) 2 , agrees well with a previous report on polarization behavior 23 . Thus, this result suggests that low optical bandgap in a series of proposed materials is related to small polarization behavior observed in the charge/discharge curve. In addition, the optical bandgap results also imply that the high direct bandgap of the 4,4′-Bph(COOLi) 2 is associated with the large polarization at low DOD. These differences are predicted to be related to the planar and twisted moieties in the organic framework. That is, 2,6-Naph(COOLi) 2 and 1,4-Ph(COOLi) 2 maintain the planar structure; in contrast, 4,4′-Bph(COOLi) 2 takes various positions by internal rotation at C−C link connecting benzene units.
Cell performance of a hybrid capacitor. Next, we investigated the full-cell performance in a hybrid capacitor using 4,4′-Bph (COOLi) 2 adsorption in addition to that of the PF 6 − anion adsorption, thereby causing an increase in the capacity of the AC-positive electrode. As a result, the pre-lithiated process results in the design of high-energy density hybrid capacitors. In addition, the pre-lithiated treatment has the object of improving the cell voltage by lowering the potential of the negative electrode in advance and suppressing the influence of the initial irreversible capacity. As shown in Supplementary Figure 7a , the charging and discharging curve of the proposed cell showed typical capacitive behavior in which the voltage varied constantly with respect to the cell capacity. The differential capacity dQ/dV plots of the charge/discharge plots, as shown in Supplementary  Figure 7b , exhibited typical butterfly-type electric double-layer behavior suggesting the use of both Li + cations and PF 6 − anions at the AC-positive electrode by pre-lithiated treatment 21, 33 . The typical charge/discharge curves of the two types of iMOF-based hybrid capacitors shown in Fig. 4a revealed that the voltage drop caused by applied current and internal resistance during the rest after the initial charging and discharging processes was smaller for 4,4′-Bph(COOLi) 2 /AC cell than for 2,6-Naph (COOLi) 2 /AC cell, reflecting the low internal resistance of 4,4′-Bph(COOLi) 2 -negative electrode. Accordingly, the 4,4′-Bph (COOLi) 2 /AC cell exhibited a high-energy density of approximately 60 Wh L −1 at a low discharge rate and maintained a highenergy density of 40 Wh L −1 at a high discharge rate of approximately 45 C, which corresponds to a discharge of 1.2 min (Fig. 4b) . The volumetric energy density of the proposed hybrid capacitor is much higher than those of previously reported hybrid capacitors (asymmetric electrode configuration), such as MnO 2 +ZnO core-shell nanorods/reduced graphene oxide (rGO) (0. Plots of volumetric energy vs. power density for the hybrid capacitors are shown in Fig. 4c . These plots indicate that the iMOF-based hybrid capacitors exhibit higher energies and power densities than the graphite-based hybrid capacitor and EDLC. In the graphite-based capacitor, the excess capacity of the negative electrode is necessary to prevent the formation of fully charged graphite (C 6 Li) in order to facilitate Li dendroid deposition. On the other hand, the proposed negative electrode of iMOF inherently suppresses Li dendroid deposition because of the operating potential of 0.5-1.0 V vs. Li/Li + . Thus, the iMOF-negative electrode enabled reduction in the excess capacity of the negative electrode and enhanced the energy density of the capacitor cell. Remarkably, at low temperature of 0°C (Fig. 4b, d) , the high-rate performance of 4,4′-Bph(COOLi) 2 /AC cell was better than that of 2,6-Naph(COOLi) 2 /AC cell at all rate conditions. As both hybrid capacitors had the same AC-positive electrodes, this difference in performance can be attributed to the negative electrodes.
With respect to the cycle test of iMOF-based hybrid capacitors using iMOF-based electrodes Li-pre-doped to DOD 50% (Fig. 4e) , the capacity retention of 4,4′-Bph(COOLi) 2 /AC cell was 63% after 1000 cycles, lower than that of 2,6-Naph(COOLi) 2 /AC cell (82%). To address this issue, a 4,4′-Bph(COOLi) 2 electrode predoped with Li at DOD 80% was used. Using this electrode, the capacity retention of the 4,4′-Bph(COOLi) 2 /AC cell improved to 86% by retarding the use of shallow DOD with high charge/ discharge polarization (Fig. 4e) . The discharge curves during cycle (Supplementary Figure 8a, b) indicates that the capacity fading appears in the lower voltage region than the open-circuit voltage of ca. 2.3 V, which corresponds to Li + adsorption reaction in the AC-positive electrode, and the capacity fading of the cell using the 4,4′-Bph(COOLi) 2 -negative electrode of DOD 50% is remarkable as compared with that of DOD 80%. The results of XRD and electrochemical reversibility of the 4,4′-Bph(COOLi) 2 electrode in 4,4′-Bph(COOLi) 2 /AC capacitor cell (DOD 80%) after 1000 cycles (Supplementary Figure 8c, d) suggested that there is no serious change in crystal structure and electrochemical reversibility of the after cycling 4,4′-Bph(COOLi) 2 electrode. Therefore, the factor of the capacity fading during the cycle of the proposed capacitor is a Li disappearance that contributes to charge and discharge processes rather than structural deterioration of the 4,4′-Bph(COOLi) 2 -negative electrode. The reason of the disappearance of Li + contributing to the charge and discharge reaction is considered to be related to internal resistance of the 4,4′-Bph (COOLi) 2 electrode which affects the polarization shown in Fig. 2 . The details of the internal resistance will be discussed later.
Origin of high-rate capability of 4,4′-Bph(COOLi) 2 /AC cell. To clarify the origin of the high-rate capability of the 4,4′-Bph (COOLi) 2 electrode, electrochemical impedance spectroscopy using symmetric cells (EIS-SC) was conducted with the lithiated 4,4′-Bph(COOLi) 2 and 2,6-Naph(COOLi) 2 electrodes. The symmetric cells were constructed from two identical electrodes assembled with a separator filled with electrolyte, allowing the EIS-SC analysis to focus on the impedance of a single electrode without affecting the other electrode 42, 43 . In order to understand the DOD dependence of the internal resistance, we prepared symmetric cells comprising two identical 4,4′-Bph(COOLi) 2 electrodes lithiated to DOD 20%, 50%, and 80% respectively, and conducted EIS-SC analysis. The results are shown in Fig. 5a . The Nyquist plots at the lithiated electrodes showed a 45°slope to the real axis in the high-frequency region and a semicircle in the lowfrequency region. By using the equivalent circuit of the transmission line models (see Methods and Supplementary Figure 9) 42,43 , the ionic resistance in pores (R ion ) and charge-transfer resistance (R ct ) were obtained from the fitting of the Nyquist plots (Supplementary Figure 10) . The size of the semicircle in the lowfrequency region, which reflects that R ct decreased with increasing DOD, indicates that the charge-transfer reaction of the 4,4′-Bph (COOLi) 2 is slow for shallow DOD. The trend in total internal resistance was in good agreement with the observed polarization behavior of the Li/4,4′-Bph(COOLi) 2 cells (Fig. 2a) . The results of EIS suggest that the small polarization in deep DOD is derived from the decrease in the internal resistance related to the chargetransfer reaction at the 4,4′-Bph(COOLi) 2 electrode/electrolyte interface. Therefore, the pre-lithiated treatment leading to deep DOD is also important in the hybrid capacitors using proposed material in terms of improvement of power characteristics. Regarding the influence of the internal resistance on the cycle characteristics shown in Fig. 4e , since the negative electrode of DOD 50% utilizes the high internal resistance region, the amount of Li contributing to charge and discharge reaction disappears during cycling, thereby causing a decrease in cell capacity; in contrast, since the negative electrode of DOD 80% uses the low internal resistance region, the cycle characteristics are improved by suppressing the disappearance of the amount of Li.
The lithiated 2,6-Naph(COOLi) 2 and graphite electrodes at DOD 50% were also subjected to EIS-SC at a temperature of 20°C for comparison with the 4,4′-Bph(COOLi) 2 electrode (Fig. 5b) . The semicircle in the plot of the 4,4′-Bph(COOLi) 2 electrode was much smaller than that in the plot of the 2,6-Naph(COOLi) 2 electrode, indicating that the low R ct of the 4,4′-Bph(COOLi) 2 electrode imparted high-rate capability to the capacitor cell. Remarkably, the graphite and 4,4′-Bph(COOLi) 2 electrodes generated similarly sized EIS-SC semicircles at 20°C (Fig. 5b) , whereas the semicircle of 4,4′-Bph(COOLi) 2 electrode was smaller than that of graphite at 0°C (Fig. 5c ). This indicates that the lower R ct of 4,4′-Bph(COOLi) 2 led to better performance at low temperature.
The dependence of total internal resistance on temperature (1/ 3R ion + R ct ) calculated by fitting the Nyquist plots (Supplementary Figure 10 ) at temperatures ranging from −30°C to 60°C (Supplementary Figure 11) is shown in the Arrhenius plots in Fig. 5d . The activation energies (E a ) for total internal resistance were calculated using the Arrhenius equation (see Methods). The E a values of the 4,4′-Bph(COOLi) 2 , 2,6-Naph(COOLi) 2 , and graphite electrodes were 42.7, 47.3, and 49.1 kJ mol −1 , respectively. The E a of the 2,6-Naph(COOLi) 2 electrode was slightly lower than that of the graphite electrode, whereas the E a of the 4,4′-Bph(COOLi) 2 electrode was much lower than those of the other two electrodes ( Table 1 ). The favorable performance of the hybrid capacitors with 4,4′-Bph(COOLi) 2 electrodes at low temperatures can be attributed to the lower E a of the chargetransfer resistance in this electrode. The E a for the R ct is dominated by the desolvation of solvated Li + as the ratedetermining step [44] [45] [46] [47] [48] ; thus, the lower E a values in iMOF electrodes suggest that the carboxylate groups of the iMOFs promote the desolvation of Li + ions. Additionally, the distinct difference between the E a values of the 2,6-Naph(COOLi) 2 and 4,4′-Bph(COOLi) 2 electrodes can be explained as follows. (i) The wider organic layer in the 4,4′-Bph(COOLi) 2 crystal structure enabled the intercalation process of partly solvated Li + into the organic layer, decreasing the Gibbs energy required for desolvation 23, 44 . (ii) The stepwise reaction in 4,4′-Bph(COOLi) 2 ( Fig. 2b) decreased the activation energy of each reduction step, unlike the concerted reaction in 2,6-Naph(COOLi) 2 49 .
Calculation of electron-hopping mobility. To explain the favorable rate performance and low-temperature performance of the 4,4′-Bph(COOLi) 2 electrode, electronic-hopping mobility was calculated using the Marcus theory 50, 51 . First-principles calculations were performed using a projector-augmented wave (PAW) method based on density functional theory implemented in the Vienna ab initio simulation package (VASP) 52 Figure 12b indicates that the intercalated Li + ions were located adjacent to the LiO 4 network layers, forming a distorted triangular LiO 2 C structure. The intercalated Li + would be stabilized by the Li + -C δ− interaction of the negatively charged C atoms of biphenyl covalently bonded by a carboxylate group (Supplementary Figure 12c) , as in 2,6-Naph(COOLi) 2 19 . The calculated lattice constants are summarized in Supplementary Table 2 . The lattice constants along the b-and c-axes were shortened in Li intercalation state, indicating the shortening of the biphenyl π-stacking distance, which resulted in high electron mobility along the π-stacking direction.
To further investigate electron mobility between adjacent molecules, hopping conduction parameters such as transfer integral (V), reorganization energy (λ), and drift mobility of hopping (μ) were calculated (see Methods). We considered the following three hopping paths, as shown in Supplementary  Figure 13 : (i) face-to-face packing with π-π interaction in a layered basal herringbone packing (P), (ii) face-to-edge packing (T), and (iii) edge-edge packing across the tetrahedral LiO 4 layer (L) 32 . The calculation results shown in Table 2 indicate that the values of μ for Li 2 [Bph(COOLi) 2 ] along the P, T, and L pathways were estimated to be quite larger conductibility than those for Li 2 2 ] showed large μ values in both the P and T paths (35 and 75 cm 2 V −1 s −1 , respectively), indicating isotropic 2D electronic transport ( Table 2) .
The calculated three-dimensional (3D) electron density distribution of the conduction-band minimum in Li 2 [Bph (COOLi) 2 ] crystal structure also indicates the existence of two electronic-hopping conduction pathways in the π-stacked face-toface packing and face-to-edge packing directions of the biphenyl units (Fig. 6a) . The electron delocalization between C1 and C2 (Fig. 6b) of 3D electron density distribution corresponds to the electron-hopping conduction in the face-to-edge packing Table 1 Activation energy (E a ) for internal resistances E a (kJ mol −1 ) 2,6-Naph(COOLi) 2 47.3 4,4′-Bph(COOLi) 2 42.7 Graphite 49.1 direction of path T, reflecting electron conduction along the c-axis direction. The electron delocalization between C3 and C4 ( Fig. 6c ) of 3D electron density distribution corresponds to the electron-hopping conduction in the π-stacked face-to-face packing direction of path P, reflecting electron conduction along the b-axis direction. The calculation result of the electron density distribution shows that Li 2 [Naph(COOLi) 2 ] reported previously is one electronic-hopping pass 32 , whereas Li 2 [Bph(COOLi) 2 ] shows two electronic-hopping passes (face-to-face and face-toedge hopping paths). Therefore, this isotropic 2D electron transport within the organic layer of the 4,4′-Bph(COOLi) 2 crystal enhances the electron-hopping mobility.
Discussion
In this study, we applied a kind of iMOF material, 4,4′-Bph (COOLi) 2 , for a negative electrode of hybrid capacitors. The prepared 4,4′-Bph(COOLi) 2 /AC capacitor cell showed a highenergy density of approximately 60 Wh L −1 , high-rate capability, favorable low-temperature performance, and good cycle durability. Impedance analysis of 4,4′-Bph(COOLi) 2 -negative electrodes revealed that the low internal resistance of the 4,4′-Bph (COOLi) 2 electrode is responsible for the high-rate capability, and the low activation energy for charge-transfer resistance in the 4,4′-Bph(COOLi) 2 electrode explains the favorable lowtemperature performance. Calculation analyses indicated high electric conductivity in Li 2 [Bph(COOLi) 2 ] crystals in Li intercalation state because of the isotropic 2D electronic conduction with two electron-hopping pathways between adjacent molecules in the organic layer. The long biphenyl organic layer is thought to lead to the high Li + and electronic conduction in the 4,4′-Bph(COOLi) 2 crystal structure. Focusing on the relationship between the aromatic unit and the electrochemical reaction mechanism of the proposed materials, phenyl and naphthalene with a rigid structure show a concerted electron transfer 19 , whereas biphenyl with rotatable structure shows stepwise electron transfer. Our results in this study suggest that the biphenyl unit has a narrow indirect transition band structure related to small charge/discharge polarization. Therefore, the approach to further reduction of resistance requires design of molecular and its crystal structure considering electron density distribution and closely related band structure 32 in Li intercalation state. We hope that this research can stimulate further development of novel organic electrode materials and discovery of electrochemical performance which exceeds those of the conventional electrode materials.
Methods
Synthesis of 4,4′-Bph(COOLi) 2 . LiOH·H 2 O (3.812 g) was dissolved in 250 mL methanol, and 10.0 g 4,4′-Bph(COOH) 2 was rapidly added to the methanol solution at room temperature under stirring. The obtained white suspension was stirred under reflux for 12 h. The mixture was evaporated, and the resulting solid was filtered, washed with methanol, and dried under ambient conditions; the product was obtained as powder (94% yield based on the amount of 4,4′-Bph(COOH) 2 used).
Characterization. The pristine 4,4′-Bph(COOLi) 2 sample was characterized by powder XRD followed by Rietveld refinement. The XRD pattern of the sample was obtained using Debye-Scherrer camera at the beamline 19B2 at SPring-8. The data were recorded with a curved imaging plate detector with a wavelength of 0.7000 Å for 2θ values of 5°to 35°; the step size was 0.01°. The data were recorded in transmission mode using a capillary tube filled with the sample. XRD data were refined using conventional Rietveld methods in the GSAS package with the EXPGUI interface 53 . The background, scale factor, zero point, lattice parameters, atomic positions, and coefficient of the peak-shape function were iteratively refined until convergence was achieved. The initial structure for Rietveld refinement was based on the previous paper 27 . The pristine and after cycling 4,4′-Bph(COOLi) 2 electrodes were analyzed by ex situ XRD using a Rigaku RINT-TTR diffractometer with CuKα radiation at 50 kV and 300 mA in the 2θ CuKα range of 15°-35°in reflection mode under air atmosphere. Prior to ex situ XRD measurement, the after cycling electrode sample was taken from the 4,4′-Bph(COOLi) 2 /AC cell.
SEM was performed using a Quanta 200 FEG microscope (Nikon Instech Co., Ltd.). Samples were sputtered with Pt and imaged at 15 keV using an electron gun.
The UV-vis spectra of 1,4-Ph(COOLi) 2 , 2,6-Naph(COOLi) 2 , and 4,4′-Bph (COOLi) 2 powders were obtained with a Jasco V670 spectrometer (Nihon Bunko).
Electrode and electrolyte preparations. The 4,4′-Bph(COOLi) 2 and 2,6-Naph (COOLi) 2 electrodes were prepared by coating a dispersion composed of 81.0 wt% 4,4′-Bph(COOLi) 2 (or 2,6-Naph(COOLi) 2 ), 14.3 wt% carbon black as a conductive additive, 1.9 wt% polyacrylic acid, and 2.8 wt% styrene butadiene rubber (SBR) in water onto Cu foil. Electrode loading weight of ca. 4 mg cm −2 was used. AC-based electrodes were also prepared by coating a dispersion of 83 wt% AC (Kurare YP-20), 10.7 wt% carbon black, 4 wt% polyacrylic acid, and 2.3 wt% SBR in water onto Al foil. The electrode loading weight was ca. 3 mg cm −2 . Graphite-based electrodes were prepared by coating a dispersion of 95 wt% graphite and 5 wt% polyvinylidene fluoride in N-methyl-2-pyrrolidone onto Cu foil. The electrode loading weight was ca. 4 mg cm −2 . The electrolytes in this study were 1.0 M LiPF 6 dissolved in a mixed solvent of ethylene carbonate, dimethyl carbonate, and ethyl methyl carbonate (volume ratio = 30:40:30) for hybrid capacitors and 1.0 M triethylmethylammonium tetrafluoroborate dissolved in a solvent of propylene carbonate for EDLC. Electrochemical characterization. The electrochemical properties of 4,4′-Bph (COOLi) 2 and 2,6-Naph(COOLi) 2 electrodes were evaluated using a coin-type cell with Li metal discs as counter electrodes and microporous polypropylene film saturated with electrolyte in an argon-filled glove box. For cyclic voltammetric measurements (Solartron 1470E, England), the redox response was carried out at scan rates of 0.015, 0.030, and 0.060 mV s −1 within potential range of 0.5-1.5 V vs. Li/Li + at 25°C, respectively. Galvanostatic charge-discharge tests were conducted at a rate corresponding to fully charging the theoretical capacity of the 4,4′-Bph (COOLi) 2 or 2,6-Naph(COOLi) 2 per 10 h (1/10 C rate) between 0.5 and 1.5 V vs. Li/Li + at 25°C. The evaluated hybrid capacitors were laminate-type single cells composed of AC-positive and pre-lithiated iMOF-negative electrodes with microporous polypropylene film separator saturated with the same electrolyte in an argonfilled glove box. Prior to galvanostatic charge-discharge measurements of the hybrid capacitors, 4,4′-Bph(COOLi) 2 electrodes were pre-lithiated by discharging laminate-type Li/4,4′-Bph(COOLi) 2 cells up to DOD 50% or DOD 80%. These proposed symmetric capacitors can utilize the high electric doublelayer capacities combining both Li + cations and PF 6 − anions at the AC-positive electrode by the pre-lithiated treatment. The 2,6-Naph(COOLi) 2 electrodes were pre-lithiated by discharging laminate-type Li/2,6-Naph(COOLi) 2 cells up to DOD 50%. The lithiated electrodes were taken out by disassembling the Li/iMOF cells, and the lithiated electrode and the AC electrode were reassembled. Optimization of the capacity ratio between the positive and the negative electrodes was performed referring to our previous study 28 . The graphite-based hybrid capacitor and EDLC (AC/AC cell) were also prepared in the same way for comparison. Galvanostatic charge-discharge measurements of the 4,4′-Bph(COOLi) 2 /AC or 2,6-Naph (COOLi) 2 /AC were conducted at 25°C between 1.5 and 3.8 V at various rates between ca. 1 C and 50 C (ca. 1 and 100 mA cm −2 , respectively) for rate capability test. The graphite/AC hybrid capacitors and EDLC were also conducted at 25°C between 2.2 and 3.8 V, and 0.0 and 2.5 V, respectively, at various C rates. The cycle tests of 4,4′-Bph(COOLi) 2 /AC cells were conducted at a rate of 10 C. The volumetric energy (E) and power (P) densities were calculated from the obtained electrochemical characteristics according to the following equations:
where I, V(t), V electrodes , and Δt are the constant current, working voltage, the total electrode volume, and discharge time, respectively. The V electrodes in this study was calculated from the electrode area and the electrode thickness for both positive and negative electrodes not including the current collector. AC impedance measurements (Solartron 1400A/1470E, England) were performed using laminate-type single symmetric cells composed of two lithiated iMOF electrodes with a microporous polypropylene film separator saturated with the same electrolyte in an argon-filled glove box 42, 43 . Prior to AC impedance measurements, the iMOF electrodes were pre-lithiated by discharging the laminatetype Li/iMOF cells up to DOD 20%, 50%, and 80% for 4,4′-Bph(COOLi) 2 electrodes and DOD 50% for 2,6-Naph(COOLi) 2 electrodes. The lithiated electrodes were taken out by disassembling the Li/iMOF cells, and the two lithiated electrodes were reassembled into the symmetric cells in an argon-filled glove box. The R ct values of the iMOF electrodes were determined by measurements of faradaic processes in the symmetric cells with DOD 50% iMOF electrodes. The frequency was varied from 100 kHz to 100 mHz with a perturbation amplitude of 10 mV (peak to peak). Measurements were performed at open-circuit potential and between −30°C and 60°C. Experimental impedance fitting of the symmetric cell data was carried out using Zview software (Scribner Associates, Inc., USA). The equivalent circuit for fitting the impedance spectra at DOD 0 and 50% used the generalized finite-length Warburg element open-circuit terminus (W o ) and shortcircuit terminus (W s ) for descriptive purposes (Supplementary Figure 9) , respectively 54, 55 . R ion and R ct were calculated from the resistance values obtained by fitting using following Eqs. (9) and (10).
Calculation of direct and indirect bandgaps from the results of UV-vis spectra. The optical absorption near the band edge follows the equation 56 :
where α, ν, A, and E g are absorption coefficient, light frequency, proportionality constant, and bandgap, respectively. In the equation, n decides the characteristics of the transition in a semiconductor as direct adsorption (n = 1, Eq. (5)) and indirect adsorption (n = 4, Eq. (6)) follows the equations, respectively:
Direct and indirect bandgaps (E g ) are obtained from the straight-line approximation of (αhv) 2 and (αhv) 1/2 to hv corresponding to Eqs. (5) and (6), respectively.
Impedance theory for cylindrical pores according to the transmission line model. For non-faradaic and faradaic processes in porous electrodes (the equivalent circuits according to the processes are shown in Supplementary Figure 9) , the overall impedance is expressed by Eqs. (7) and (8), respectively 42, 43 : 
where R ion,L , C dl, A , r, A and L are ionic resistance per unit pore length, electric double-layer capacitance per unit surface area, pore radius, surface area per unit, and pore length per unit, respectively. The limiting values of the real term Z′ ω as ω → 0 for the non-faradaic and faradaic processes are given by Eqs. (9) and (10), respectively:
and
where R ion is a characteristic parameter that expresses the ionic resistance inside the porous electrode, and R ct is the charge-transfer resistance for the lithium intercalation reaction.
Kinetic interpretation of internal resistance of individual electrodes. The activation energies (E a ) for total internal resistance were calculated using the Arrhenius equation as follows 42 :
where A, E a , R, and T are the frequency factor, activation energy, gas constant, and absolute temperature, respectively.
Structural optimization using first-principles calculations. The crystal structures of 4,4′-Bph(COOLi) 2 and Li 2 [Bph(COOLi) 2 ] were optimized via first-principles calculations in VASP 52 using the PAW method. The cutoff energy for the plane waves was set to 500 eV, and the k-point grid for the integral over the Brillouin zone was approximately divided into 0.01 Å −1 . Gaussian smearing with a width of 0.2 eV was adopted during optimization. The atomic positions were optimized until the atomic forces became smaller than 0.01 eV Å −1 . For the exchange-correlation energy within density functional theory, the PBEsol functional 57 , which revises the Perdew-Burke-Ernzerhof generalized gradient approximation functional to improve the equilibrium properties of solids and surfaces, was applied.
Calculation of electron-hopping mobility using Marcus theory. Marcus theory 50, 51, 58 was applied to calculate the electron-hopping mobility in 4,4′-Bph (COOLi) 2 and Li 2 [Bph(COOLi) 2 ]. The electron-hopping rate between neighboring molecules (W) can be determined based on the Marcus theory as shown below:
where V is the transfer integral between the initial and final states (eV), λ is the reorganization energy, which is defined as the energy change associated with the geometry relaxation during charge transfer, ħ is Plank′s constant, and k B is the Boltzmann constant. The diffusion coefficient (D) is calculated from the hopping rates (cm 2 s −1 ) as
where n is the dimensionality, i represents a specific hopping pathway, r i is the hopping distance between two molecules, and P i is the hopping mobility, which is calculated by
The drift mobility of hopping (μ) can then be evaluated from the Einstein relation (cm 2 V −1 s −1 ),
where e is electronic charge. Intermolecular transfer integrals and reorganization energies were calculated using the site-energy correction method 59 and the dimer projection (DIPRO) approach 60 . The details of the calculation scheme can be found in our previous report 32 . The electron-hopping rate was calculated for the C 12 H 6 O 4 Li 2 (Li 2 ) molecules extracted from the computed optimized structures of 4,4′-Bph(COOLi 2 ) and Li 2 [4,4′-Bph(COOLi) 2 ] using the Gaussian 09 package 61 with the B3LYP functional and the 6-311++G* basis set.
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